.
The transcrestal approach is a less invasive, commonly applied technique for SFE. It's reportedly associated with increased patient acceptance and reduced patient discomfort when compared to the lateral window approach (Emmerich, Att, & Stappert, 2005) . The former is suitable where the relative residual ridge height is approximately 5-9 mm, exhibiting good long-term clinical outcomes and minimal complications (Katranji, Fotek, & Wang, 2008; Lundgren et al., 2017; Pjetursson & Lang, 2014) . However, membrane perforation is a commonly occurring intraoperative complication, with prevalence up to 40% (Garbacea et al., 2012) .
Schneiderian membrane perforation is often undetectable by the operator during surgical transcrestal SFE procedures, and this may impact the probability of postoperative complications. Antibiotic use for postoperative sinusitis, infection and bone graft failure was shown to be significantly higher in sinuses with perforated membranes (Nolan, Freeman, & Kraut, 2014; Schwarz et al., 2015) . A small perforation within the membrane may result in communication directly between the sinus cavity and the graft material. This can lead to infection and chronic sinusitis, which eventually result in the loss of the graft volume and/or implant failure (Katranji et al., 2008) .
Detection of membrane perforations during and following transcrestal SFE is challenging. Therefore, efforts should be directed toward identifying the tools and factors associated with prevention, ultimately decreasing the likelihood of postoperative complications and improving treatment outcomes. Cone beam computed tomography (CBCT) or periapical digital radiographs seem to be less precise than the endoscope for the detection of Schnederian membrane perforations in human cadaver investigations (Garbacea et al., 2012) .
Hence, the primary aim of this ex vivo study was to endoscopically evaluate the incidence of Schneiderian membrane perforation associated with the different approaches to transcrestal SFE, namely SCA and osteotome techniques. The secondary aim was to assess the association of the membrane elevation height, amount of bone graft, residual ridge height and the different surgical steps on the incidence of perforation during a transcrestal SFE.
| MATERIAL S AND ME THOD

| Study design
Seven, fresh cadaver heads with fully or partially edentulous maxillary arches were provided by the Department of Anatomy at the University of Michigan. These specimens were frozen at a temperature of −20°C, after being harvested from human donors, to prevent structural changes in the tissues. Prior to being used in this study, the cadaver heads were completely thawed for a period of 4 to 5 days at room temperature. The University of Michigan (U-M) Institutional Review Board approved this study as exempt from oversight (HUM00138166).
The included heads corresponding to 12 maxillary sinuses (five bilateral maxillary sinuses with fully edentulous maxillary arches and two unilateral maxillary sinuses with partially edentulous maxillary arches) were used to perform three elevation procedures via the transcrestal approach per maxillary sinus (a total of 36 elevations).
Each sinus was randomly assigned to receive a different elevation technique: Sinus Crestal Approach (SCA) drill kit (Neobiotech, Seoul, South Korea) (experimental group) or the osteotome technique (control group). The bilateral maxillary sinuses were used in a split-mouth manner, where the test was randomly assigned to one side and the control to the opposing side. Meanwhile, the two unilateral maxillary sinus heads were each randomly assigned to one of the two study groups. The randomization was performed by a specialized software (randomized.com, Shogun Interactive Development 2006); numbers 1 and 2 indicated the right side be experimental and control, respectively.
With 18 sinus elevations per study group, six mesial elevations consisted of membrane elevation only (without graft or implant placement) (subgroup A). Meanwhile, the remaining 12 elevations comprised six middle 3-mm (subgroup B) and six distal 6-mm (subgroup C) membrane elevations with bone graft insertion and subsequent implant placement.
| Eligibility criteria
The inclusion criteria comprised the following:
• Totally or partially edentulous posterior maxillary arches ple was conducted twice and a mean value was obtained (Janner et al., 2011) . If a ≥ 0.2 mm difference was measured at the same point, a third assessment was performed (Bornstein, Lauber, Sendi, & von Arx, 2011; Froum, Khouly, Favero, & Cho, 2013 
| Surgical procedure
An experienced surgeon (JG) performed the surgical procedures taking into account the CBCT analysis and measurements. A middle crestal incision and a mesial vertical releasing incision above the canine area were performed to elevate a full thickness flap. The CBCT measurements made from the tenting screws to the planned drill sites were extrapolated to the surgical setup, where the same measurements were made onto the exposed bone ( Figure 1 ). Bone preparation followed according to implant size, manufacturer guidelines and study group design. The depth of the preparation was determined based on the RRH measured on the CBCT images.
| Sinus membrane elevation
The experimental group osteotomies were performed using a series of increasing diameter SCA kit drills, connected with a stopper, according to the manufacturer's instructions (Figure 2a ). Stoppers defined the drilling length according to the residual bone height and membrane elevation. In the control group, bone preparation and sinus membrane elevation were performed according to previous publications (Lundgren et al., 2017; Pjetursson & Lang, 2014) . Bone preparation to 1 mm below the sinus membrane was performed using the standard implant drilling protocol (Zimmer/Biomet 3i, West Palm Beach, FL, USA), starting from the pilot-drill (ø 2.3 mm) to 3.4 mm of diameter, followed by passing with the osteotome to fracture the bony floor of the sinus and initiating membrane elevation. Initially, an osteotome of a small diameter and a light mallet were used to fracture the residual bone. Once bone preparation was complete, a second osteotome (ø 3.3 mm; Hu-Friedy, Chicago, IL, USA) was used to elevate the sinus membrane with precise control of the penetration length ( Figure 2b ). The membrane's vertical elevation height (VEH) was measured using a calibrated gauge (Neobiotech, Seoul, South Korea). Sinus membrane elevation with or without bone graft and implant placement followed, according to the designed experimental workflow.
The mesial elevation site was performed without bone graft or implant placement, to the heights of 3, 4, 5, and 6 mm consecutively until perforation was achieved, at which point the final height was recorded. The middle and distal elevation sites were treated with bone graft insertion and implant placement to 3 and 6 mm, respectively.
Particulate allogenic bone graft (enCore Combination Allograft, particle size: 0.25-1 mm; Osteogenics Biomedical, Inc. Lubbock, TX, USA) was packed into the osteotomy site in the respective subgroups, before proceeding to implant placement. The amount of bone graft was measured prior to surgery using a scientific bascule (Mettler Toledo Balance AG204, Marshall Scientific, Hampton, NH, USA) to standardize the exact amount of graft material for each location:
1. 0.1 cc of bone graft in the middle site to 3 mm of elevation.
2. 0.3 cc of bone graft in the distal site to 6 mm of elevation.
Zimmer tapered screw vent dental implants (Zimmer/Biomet 3i) of 3.7 mm × 13 mm dimensions were placed only to the desired preplanned height pertaining to each subgroup, when membrane perforation was not detected, in the middle and distal sites after bone graft was inserted.
| Data retrieval
Residual bone height and width, and sinus membrane thickness were evaluated in each maxillary sinus and at each elevation site (mesial, middle and distal) in relation to the tenting screw reference in combination with the fiberscope. Intra-surgical images were obtained and transferred to a processor that displays the visual across a connected monitor. For efficiency of time, the endoscope was inserted before starting the STE surgery into the sinus via an opening (10 × 5 mm) below the inferior orbital rim. At that point, the sinus membrane was exposed and checked for complete defrosting. The endoscope images were monitored by one investigator (MT) during the elevation procedure and the effect of bone graft insertion and implant placement on the membrane integrity was constantly monitored (Figure 2c and d) . The second investigator was instructed to adjourn the procedure when a perforation was visually detected.
| Measurements
The procedure was deemed successful when the membrane was elevated without perforation; otherwise, it was considered a failure. The elevation was measured (in mm) from the alveolar crest to the topmost point. The VEH was calculated as the final membrane height minus the RRH. The BPE (Bucco-palatal elevation) was the measured on a cross-sectional slice of the CBCT image (Figure 3a) , while MDE (Mesio-distal elevation) was measured on a sagittal slice of the image (Figure 3b ).
Cone beam computed tomographies before and after the surgery were obtained and a continuous endoscopy procedure, to check the integrity of the sinus membrane, was monitored during the surgery.
All the following variables/measurements were obtained and recorded at each of the three elevation sites per sinus, amounting to 36 sites:
• Residual ridge height (RRH) (mm)
• Residual ridge width (RRW) (mm)
• Membrane Thickness (MT) (mm)
• Vertical elevation height (VEH) (mm)
• Bucco-palatal elevation (BPE) (mm)
• Mesio-distal elevation (MDE) (mm)
• The VEH to BPE ratio (VEH:BPE)
• The VEH to MDE ratio (VEH:MDE)
• Incidence of Perforation (IoP) (1-0)
• Implant Placement (IP) (1-0)
• Volume of bone graft inserted (cc)
• Stage of membrane perforation: bone preparation, bone grafting or implant placement
| Statistical analysis
Statistical analysis was expressed using the mean, minimum and maximum values, and standard deviations (SD). Generalized estimating and 95% confidence intervals were obtained from univariate and multivariate binary logistic regressions using GEE to consider the clustered structure of the data. GEE linear models were also used to study the differences of the membrane thickness or VEH between the groups.
The significance level was defined as p < 0.05, for all statistical tests. In all statistical tests involving the study groups variable, the experimental and control groups were considered groups 1 and 2, respectively. All the analyses were conducted with a specialized software package (IBM SPSS Statistics 24, Armonk, NY, USA).
| RE SULTS
| Descriptive analysis
A total of seven unfixed, fresh cadaver heads (four males and three females), with 10 bilateral and two unilateral maxillary sinuses, qualified to be included in the study. The reason for exclusion of two unilateral sinuses was a result of corresponding to the dentate ridges, while all the included sinuses corresponded to fully or partially edentulous ridges. A total of 36 transcrestal SFE procedures were performed. The mean ridge width in the study sample was 7.13 ± 1.56 mm. A complete descriptive analysis of the data based on the study groups and subgroups is summarized in Table 1 .
| Schneiderian membrane thickness
The data of six sites were excluded from only the CBCT membrane measurements due to image artifacts/distortion that interfere with the accurate analysis at the region of interest. Of these excluded sites, three belonged to subgroup A (resultant n = 9), two belonged to subgroup B (resultant n = 10) and one belonged to subgroup C (resultant n = 11). Thus, a total of 30 membrane thickness measurements were obtained from the seven included heads. The mean membrane thickness in the total study sample was 0.93 ± 0.66 mm (0.39-2.91 mm), with no statistically significant difference between the subgroups (p = 0.264).
| Incidence of Schneiderian membrane perforation
The percentage of IoP in the entire study sample was 50% (33% in the experimental group and 66.7% in the control group) ( Table 1) . This difference, between the two groups, was not found to be statistically significant (OR = 0.25; p = 0.138). However, when the model was adjusted by other independent variables (RRH, BG), significance was reached (OR = 0.04; p = 0.007). A similar conclusion was obtained from the adjustment by VEH and ratios (OR = 0.02; p = 0.046).
Within the perforations seen in subgroups A, B and C, a total of 16.7%, 50% and 33.3% belonged to the experimental group, respectively. Although no significant difference in IoP comparing the three subgroups was observed, all the perforations in subgroup A were at 6 mm of VEH. This demonstrates an estimated maximum safety elevation threshold of 5 mm without bone graft and implant placement.
| Associated variables of the Schneiderian membrane perforation
The GEE model demonstrated a statistically significant negative correlation between IoP and RRH (p < 0.001; OR = 0.51) and a lack of 
| D ISCUSS I ON
Schneiderian membrane perforation is one of the most critical challenges of maxillary SFE and is associated with a higher prevalence of postoperative sinusitis (Schwarz et al., 2015) . The percentage of perforations found in the present study was 50%, higher than the data reported by Garbacea et al. (2012) and Nolan et al. (2014) , who reported a mean IoP rate of 40% and 41%, respectively. These rates were considerably less than the 58. within the sinus antrum, acute or chronic sinus infection, the invasion of bacteria into the site or disrupted maxillary sinus physiologic function (Katranji et al., 2008; Li & Wang, 2008) . With all the proposed methods of crestal SFE (Chan et al., 2013; Kim et al., 2017; Yassin Alsabbagh et al., 2017) , MT (Wen, Lin, Yang, & Wang, 2015) RRH (Schwarz et al., 2015) , the amount of bone graft inserted and VEH (Sonoda, Harada, Yamamichi, Monje, & Wang, 2017) are factors that influence the probability of membrane perforation. In this study sample, MT was not statistically significant between the two study groups, enabling a fair comparison of all other factors between test and control.
Schneiderian membrane elevation with SCA drill kit has the advantage of using a reamer to create the osteotomy in a conical shape and break the bony floor avoiding damage to the sinus membrane.
However, it is important to note that although the SCA kit has shown to be superior to the osteotome technique in the present investigation, this difference was only statistically significant in subgroup C, where the elevation was beyond 3 mm. Thus, it can be deduced that the two techniques are comparable when minimal elevation is necessary; however, when more than 3 mm and up to 6 mm of elevation is indicated, the SCA kit maintains membrane integrity significantly better. This could be explained by the greater VEH permitted by the These results were later corroborated in a clinical study by Kim et al., 2017, who did not report any membrane perforations using the SCA drill kit, but reported an incident of acute maxillary sinusitis 5 months after surgery. This may have been related to a possible undetected perforation during the elevation surgery. On the other hand, according to a dentists' subjective satisfaction survey performed following maxillary sinus membrane elevation via the crestal approach, 92.9%
of the dentists were generally satisfied with the SCA approach to elevate the membrane instead of the hydraulic approach (Kim, Yang, Chung, Kim, & Yeo, 2013) . The RRH has also been described as an influencing factor that impacts membrane perforation using the transcrestal approach (Schwarz et al., 2015) , where a minimal RRH of 5 mm is recommended (Lundgren et al., 2017; Pjetursson & Lang, 2014) . These data support our results, where the RRH has been revealed as a statistically significant factor of membrane perforation. Schwarz et al., 2015 showed that RRH less than 3.5 mm was a main risk factor increasing the IoP, in agreement with the 3.18 mm ± 1.73 mean RRH associated with perforations in the experimental group observed in this study.
TA B L E 1 Demographics of the sinus elevation variables
Most of the membrane perforations within the non-grafted subgroup (A) were obtained when the height of elevation reached 6 mm, meaning that below 6 mm represents a safe zone. Therefore, our results show the estimated 5-mm elevation height as a safe zone, prior to bone graft insertion and implant placement. These findings come in line with Lundgren et al., 2017, who described that the elevation height in transcrestal SFE should not exceed 3-4 mm.
As reported, the amount of bone graft inserted has been related to the millimeters of sinus membrane vertically elevated, obtaining elevation heights of 3 mm or 6 mm when using 0.1 or 0.3 cc of bone graft, respectively (Sonoda et al., 2017) . Although the findings of this study showed that VEH plays a determinant role in maintaining sinus membrane integrity, the amount of bone graft inserted was not determinant. On the other hand, the VEH:BPE and VEH:MDE displayed a different impact on membrane perforation, demonstrating that mesio-distal (MD) augmentation in relation to VEH had a positive effect on membrane perforation. Contrary to this, bucco-palatal (BP) augmentation in relation to VEH appeared to have a negative effect on maintaining membrane integrity. These ratios describe the degree of three-dimensional horizontal extension as opposed to only the vertical extension of a SFE. It is critical to address the elevation procedure from all possible directions to better understand the tension distribution to be achieved. The findings in this study compliment those from Sonoda et al. (2017) , who concluded that VEH:BPE route into the sinus cavity. However, no perforations were detected during the bone graft insertion phase in the present study, indicating that excessive perforation-inducing pressure is not exerted on the sinus membrane during bone graft insertion.
Despite the associated variables that may have an impact on the success or failure of the transcrestal SFE procedure, it must be noted that a sufficient amount of experience is a clear prerequisite. Both the technical approaches discussed in this study equally require adequate expertise prior to being performed successfully.
They are several limitations of this study, one of them is using cadavers to conduct this study; hence, the cadaver bone quality and membrane elasticity may differ from the living bone. To minimize the bias from specimen quality, we chose frozen fresh cadaver heads that have the most similar tissue situation to the actual human.
Nonetheless, this remains a concern in the study. Additionally, since this is a cadaver study, we did not conduct the power calculation to determine the proper sample size. We only used available fresh cadaver heads that qualified to the study in conducting this investigation. Hence, limited sample size and lack of power calculation are the limitations noted in the study.
| CON CLUS ION
The SCA drill kit may demonstrate superior osteotomy preparation and SFE capabilities to the osteotome technique, while both techniques require operator experience. This enhanced ability in elevation was especially significant when a 6-mm elevation was indicated.
Also, a maximum safety elevation threshold of 5 mm without bone graft and implant placement was estimated. Finally, residual ridge height and vertical elevation height are the important factors of membrane perforation.
